Background: Little is known concerning the enantioselective disposition of 3,4-methylenedioxymethamphetamine (MDMA; ecstasy) in humans. In addition, the potential of utilizing the stereochemical composition of an analyte in biological media for forensic purposes requires investigation. Methods: The enantiomers of MDMA and its demethylated metabolite, 3,4-methylenedioxyamphetamine (MDA), present in plasma and urine extracts were derivatized with (؊)-(R)-␣-methoxy-␣-trifluoromethylphenylacetyl chloride and analyzed by gas chromatography-mass spectrometry and gas chromatography, respectively. The enantioselective disposition of MDMA and MDA was determined following oral administration of racemic MDMA (40 mg) to eight male volunteers. Results: The plasma concentrations of (R)-MDMA exceeded those of the S-enantiomer [ratio R:S of the area under the curve (AUC), 2.4 ؎ 0.3], and the plasma half-life of (R)-MDMA (5.8 ؎ 2.2 h) was significantly longer than that of the S-enantiomer (3.6 ؎ 0.9 h). The majority of the recovered material in urine was excreted within 24 h after dosing, with the recovery of (R)-MDMA (21.4% ؎ 11.6%) being significantly greater than that of (S)-MDMA (9.3% ؎ 4.9%), and with (S)-and (R)-MDA accounting for 1.4% ؎ 0.5% and 1.0% ؎ 0.3% of the dose, respectively. Mathematical modeling of plasma enantiomeric composition vs sampling time
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of toxicity ranging from abnormalities of water homeostasis (8 ) to renal and hepatic failure (9 ) , and fatalities have been reported (9, 10 ) . MDMA may also cause serotonergic neurotoxicity, the potential long-term effects of which may not be known for years (11 ) .
MDMA is a chiral compound used as a racemate, and an examination of the pharmacological activity of the individual enantiomers indicates that the (ϩ)-S-enantiomer is more active in terms of "the degree and the disruptiveness of the induced intoxication" (12 ) than the (Ϫ)-R-enantiomer. Studies in animals have indicated that the drug also undergoes stereoselective disposition, with the (ϩ)-S-enantiomer having a shorter half-life than the (Ϫ)-R-enantiomer in the rat (13 ) . There are few reports concerning the enantioselective disposition of MDMA in humans. Moore et al. (14 ) examined the distribution of the enantiomers of MDMA and MDA in bile, blood, liver, urine, and vitreous humor following a fatal poisoning from insufflation of MDMA, cocaine, and heroin. The data obtained indicated that the disposition of MDMA in humans is stereoselective, with the concentrations of (Ϫ)-(R)-MDMA exceeding those of the S-enantiomer in all tissues and fluids examined. In contrast, the concentrations of (ϩ)-(S)-MDA were greater than those of the R-enantiomer in bile and urine and were approximately equal in the blood and liver, whereas the concentration of (Ϫ)-(R)-MDA was greater than that of the S-enantiomer in the vitreous humor. De Boer et al. (15 ) analyzed human urine samples obtained from three unrelated MDMA intoxications and reported preliminary results indicating enantioselective urinary recovery of MDMA and MDA. However, because of the lack of the individual enantiomers, the stereochemical composition of the material could not be assigned. Lanz et al. (16 ) reported 72-h urinary excretion profiles for MDMA, MDA, and 4-hydroxy-3-methoxymethamphetamine (HMMA) enantiomers in two subjects following administration of 1.5 mg/kg body weight of racemic MDMA. The urinary recovery of (Ϫ)-(R)-MDMA was between three-to fourfold greater than that of the S-enantiomer, and the urinary enantiomeric composition of both MDA and HMMA showed variable stereoselectivity both with time and between subjects. Again, the lack of stereochemically defined authentic standards precluded data interpretation.
To the best of our knowledge, the pharmacokinetic properties of the enantiomers of MDMA in humans have not been reported in the literature. This is in part because of the legal and ethical problems associated with the administration of a Schedule 1 controlled drug and specifically the difficulties in obtaining enantiomerically pure reference compounds for both MDMA and MDA. We have developed enantiospecific methods based on capillary gas chromatography (GC) for the determination of MDMA in plasma and urine. Because these methods can be applied equally without modification to the measurement of MDA, we chose to analyze the enantiomers of both compounds following oral administration of racemic MDMA, although MDA does not appear to be the major urinary metabolite of MDMA (16, 17 ) . Here, we report the enantioselective disposition of MDMA in humans, together with the potential utility of the determination of stereochemical composition in forensic science.
Materials and Methods materials
Analytical grade hexane, ethyl acetate, methanol, sodium chloride, and potassium hydroxide were purchased from Fisher Scientific UK; (Ϯ) instrumentation Urinary drug and metabolite concentrations were determined by GC, using a Hewlett-Packard (HP) 5890A instrument equipped with a nitrogen phosphorous detector and a cross-linked 50% phenyl methyl silicone capillary column (DB17; length, 30 m; internal diameter, 0.25 mm; film thickness, 0.25 m) obtained from J & W Scientific. Peaks were manually integrated, using HP 3365 Series II Chemstation software. Analysis of drug and metabolite concentrations in plasma was performed by GC-mass spectrometry (GC-MS) using a HP 5890 Series II Plus GC fitted with a cross-linked methyl silicone capillary column (HP Ultra 1; length, 25 m; internal diameter, 0.2 mm; film thickness, 0.11 m) and coupled to a HP 5972 Series mass selective detector operated in the selected ion monitoring mode. Maximum peak intensity values for each ion were obtained manually after background subtraction using a HP G1034C, Ver. C.03.00, software package.
volunteer study protocol
Eight healthy, non-drug-using male volunteers (ages, 22-32 years), of whom one was Asian and seven were Caucasian, participated in the study. Home Office permission was granted to administer MDMA, a class A drug in the UK under the Misuse of Drugs Act 1971, and ethical approval and volunteer informed written consent were obtained in accordance with our institutional procedures. 7, 1999 Each volunteer was in good general health and had a normal heart rate and blood pressure, and liver function tests (plasma aspartate transaminase, alanine transaminase, and ␥-glutamyltransferase) were within reference intervals. No volunteer was receiving any drug treatment and had not recently been involved in any other study of a similar nature.
Clinical Chemistry
Subjects were required to abstain from alcoholic beverages for 24 h before and during the study, and normal water loading was maintained from 2200 on the night before the investigation. On the morning of the study, each subject was given 47.5 mg of (Ϯ)-(R,S)-MDMA hydrochloride (equivalent to 40 mg of MDMA base) in capsule form with ϳ200 mL of water at 1000, 2 h after a light caffeine-free breakfast.
Blood samples (20 mL) were collected from a cannulated forearm vein immediately before and at 0.5, 1, 2, 4, 6, 8, and 24 h post drug administration. The samples were collected into heparin-containing tubes and immediately centrifuged at 4°C for 15 min, and the plasma was separated. Urine samples were collected before drug administration and then continuously at 0 -2, 2-4, 4 -6, 6 -8, 8 -12, 12-24, 24 -48 , and 48 -72 h after drug administration. All plasma and urine samples were rapidly frozen using liquid nitrogen and stored at Ϫ20°C until required for analysis.
analysis of urine samples
Urinary calibrators (5 mL) containing racemic MDMA and MDA were prepared to give single enantiomer MDMA concentrations of 0.05, 0.2, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 mg/L and single enantiomer MDA concentrations 10-fold more dilute than those of MDMA.
An internal standard solution (50 L), comprising racemic methoxyphenamine (400 mg/L) and amphetamine (200 mg/L) in methanol, was added to each 5 mL of the calibrator, volunteer, and quality-control [prepared in batches by adding aqueous (R,S)-MDMA and (R,S)-MDA to urine] samples. The urine pH was adjusted to pH 13-14 by the addition of potassium hydroxide solution (0.5 mL of a 5 mol/L solution), and the ionic strength was increased by the addition of sodium chloride (ϳ0.5 g). We performed liquid/liquid extraction by adding 2 mL of n-hexane/ethyl acetate (1:1, by volume) to each sample, vortex-mixing the solution vigorously (10 s), and then mixing the solution more gently for 10 min on a rotary mixer. The mixture was then centrifuged for 5 min at 800g to ensure phase separation, and the organic phase was then transferred to a 2-mL glass vial. The derivatizing agent (R)-MTP chloride (33 mL/L) in hexane was added (20 L) , and the vial was sealed with a PTFE-lined aluminum crimp cap and heated at 80°C for 20 min. After the derivatized extract was cooled to room temperature, 1 L was injected into the GC.
The GC was operated in the splitless mode with an injection port temperature of 250°C; the carrier gas used was nitrogen, with a flow rate of ϳ2 mL per min; the detector temperature was 300°C. The initial column temperature was 50°C for 2 min, and was increased by 25°C/min to 250°C and then by 2°C/min to 290°C for 2 min, the total run time being 30 min.
The first and second eluting methoxyphenamine-MTP diastereomeric amide derivative peaks were used as internal standards for the (R)-and (S)-MDMA-MTP amide derivatives, respectively, and the corresponding (R)-and (S)-amphetamine-MTP derivatives were used as internal standards for the (R)-and (S)-MDA-MTP diastereomeric amides. Calibration curves were constructed by plotting the ratio of the peak area of each derivatized analyte to its respective internal standard derivative (peak area ratio) against the concentration of each analyte enantiomer, using a weighted linear regression fit with weights, w i ϭ 1/⌬ 2 y i , where ⌬ 2 y i is the square of the difference between the observed peak area ratio and the fitted value (computer software, Multicalc Advanced, Ver. 1.24; Pharmacia LKB Biotechnology). The analyte concentrations in each volunteer and quality-control sample were obtained by interpolation from the appropriate curves.
analysis of plasma samples
Plasma calibrators (2 mL) containing racemic MDMA and MDA were prepared to give single enantiomer MDMA concentrations of 0.5, 1, 2.5, 5, 10, 20, 30, 40, 50, 60, and 80 g/L and single enantiomer MDA concentrations 10-fold more dilute than those of MDMA. Samples in which single enantiomer MDMA concentrations were Ͻ1 g/L were re-analyzed using lower calibrator concentrations: 0.10, 0.25, 0.40, 0.50, 1.0, and 2.5 g/L enantiomer concentrations. The corresponding MDA enantiomer concentrations were maintained at one-tenth of those of the MDMA.
Internal standard solution (50 L) containing racemic methoxyphenamine (4 mg/L) and amphetamine (1 mg/L) in water was added to 2 mL of each calibrator, volunteer, and quality-control sample [prepared in batches by the addition of aqueous (R,S)-MDMA and (R,S)-MDA stock solutions to plasma]. The plasma pH was adjusted to pH 13-14 by the addition of potassium hydroxide solution (0.5 mL of a 5 mol/L solution), and the ionic strength was increased by the addition of sodium chloride (ϳ0.25 g). The extraction procedure was identical to that used for the analysis of the urine samples except that the organic phase was transferred to a glass test tube after separation by centrifugation. (R)-MTP chloride in hexane (10 L of a 33 mL/L solution) was added, and the tube was capped and sealed (using aluminum foil) and heated at 80°C for 20 min. After derivatization, the organic phase was evaporated to dryness under nitrogen at 30°C, the residue was reconstituted in 40 L (20 L for the Ͻ1 g/L assay) of n-hexane/ethyl acetate (1:1, by volume), and 1 L was injected into the GC-MS.
The GC was operated in the splitless mode with an injection port temperature of 250°C. The carrier gas was helium, with an inlet pressure of 21 psi. The interface temperature was 280°C; the initial column temperature was 100°C for 3 min, and was increased by 15°C/min to 285°C for 5 min, the total run time being 20.3 min. For identification purposes, the ions monitored for each diastereomeric derivative were as follows: Calibration curves were constructed by plotting peak height ratios of the selected ions of each analyte derivative to those of the selected internal standard derivative against the concentration of each analyte enantiomer. Calibration curves of weighted linear regression fit were constructed using the same analyte-to-internal standard ratio combinations and the same calculation method and computer software as described above. Volunteer and quality-control sample analyte concentrations were interpolated from the respective curves.
validation of analytical methodologies

Optical purity of derivatizing reagent (R)-MTP chloride.
The optical purity of (R)-MTP chloride was determined by derivatizing optically pure (ϩ)-(1S,2S)-pseudoephedrine and determining by GC the diastereomeric composition of the amide derivatives formed. The amide derivatives of (ϩ)-(1S,2S)-pseudoephedrine prepared after derivatization with either (R)-or (S)-MTP chloride eluted with retention times of 21.3 and 20.8 min, respectively. The quantity of (S)-MTP chloride as an enantiomeric impurity in (R)-MTP chloride was expressed as a percentage of the total of both derivative peak areas.
Optical purity of the individual enantiomers of MDMA and MDA. The optical purity of the individual enantiomers of MDMA and MDA was determined by derivatizing the individual enantiomers with (R)-MTP chloride and measuring with GC (using peak areas) the amount of each diastereomeric derivative present.
Enantiomeric excess and quantification. To determine whether the analytical procedure could produce accurate data with respect to enantiomeric composition over a wide range of concentrations, we prepared a series of plasma and urine calibrators containing different concentrations and enantiomeric composition for each MDMA and MDA enantiomer. "Total" MDMA concentrations of 8, 4, and 2 mg/L in urine and 80, 20, and 8 g/L in plasma were prepared with the following enantiomeric R:S compositions: 80:20, 60:40, 40:60, and 20:80 for each concentration. MDA concentrations in the same samples were prepared at one-tenth of those of the corresponding MDMA concentrations. Five samples for each ratio were prepared, and the concentrations of both analytes, in both media, were determined as described above.
Limit of quantification. The limit of quantification of each analyte in both analytical methodologies was determined as the lowest concentration in the calibration curve at which the mean analyte peak height-to-baseline noise ratio was 10.
Within-and between-assay accuracy and precision. Urine and plasma quality controls were analyzed to determine assay accuracy and precision for the MDMA and MDA enantiomers.
Extraction efficiency. Extraction efficiencies for both analytes in urine and higher concentrations in plasma were determined at two concentrations (n ϭ 5), within the respective calibration ranges, using racemic MDMA and MDA. Derivatized n-hexane/ethyl acetate extracts, prepared using the plasma and urine assay methodologies, were compared with derivatized solvent (n-hexane/ethyl acetate) aliquots containing equivalent concentrations of the racemic analytes.
Parallelism (urine dilution recovery).
The parallelism was assessed to allow the analysis of volunteer urine samples that had single enantiomer concentrations of MDMA exceeding the calibration range. Urine was supplemented with racemic MDMA and MDA so as to exceed the calibration range (enantiomeric concentrations, 12 mg/L MDMA and 1.2 mg/L MDA) and then diluted two-, three-, four-, and fivefold with drug-free urine. Aliquots (2 ϫ 5 mL) of each were analyzed, and the percentage of observed/expected values was calculated.
treatment of data
The maximum observed drug and metabolite enantiomer plasma concentrations (C max ) and the time to attain them (t max ) were obtained from an examination of the individual data points. The MDMA enantiomer elimination halflives (t 1/2 ) were calculated using the method of least squares from the terminal linear phase of the semilogarithmic plasma concentration vs time curves. At least three data points were used for each calculation, depending on the curve profile. Areas under the plasma enantiomer concentration-time curves (AUC 0 -24 ) were estimated using the trapezoidal method up to 24 h post drug administration. The values of the AUC were extrapolated to time infinity (AUC 0-ϱ ), using C 24 /k, where C 24 is the plasma concentration at 24-h post drug administration and k is the terminal dispositional rate constant. The apparent oral clearance of each MDMA enantiomer (CL/F ϭ D/AUC 0-ϱ ) and volume of distribution (V D /F ϭ CL/k) were calculated by considering the dose (D) to be equal to one-half the administered dose of the racemate, and F to be the systemic availability. Renal clearance (CL R ) was calculated from CL R ϭ A 24 /AUC 0 -24 , where A 24 is the Clinical Chemistry 45, No. 7, 1999 amount of material excreted in the urine over the 0-to 24-h collection period.
The potential utility of drug and/or metabolite enantiomeric composition in biological media for forensic applications was examined by multiple regression analysis using the SPSS software statistics package (SPSS UK; see Results and Discussion).
Results and Discussion analytical methodology
Following derivatization of MDMA and MDA using (R)-MTP chloride as a homochiral derivatizing agent (HCDA), the diastereomeric amides formed were resolved using the chromatographic conditions used for the analysis of both plasma and urine samples ( Figs. 1 and 2) . The stereochemical purity of the HCDA, (R)-MTP chloride, was determined by derivatization of enantiomerically pure (ϩ)-(1S,2S)-pseudoephedrine and examination of the diastereomeric composition of the derivatives, using the GC methodology. Under the experimental conditions used, the stereochemical purity of the reagent was determined to be Ͼ99.5% (stated purity, 98% enantiomeric excess). Throughout the course of the investigations, the reagent was stereochemically stable under the conditions of use and storage, and between-batch analysis indicated a stereochemical purity of Ͼ99.5% in all cases. To ease subsequent calculations, the purity of the reagent was assumed to be 100%. Using this approach, we evaluated the stereochemical purity of the individual analyte enantiomers and found it to be ϳ99% [enantiomeric impurity, 0.38% in (S)-MDMA, 0.12% in (R)-MDMA, 0.82% in (S)-MDA, and 1.13% in (R)-MDA].
The derivatization and chromatographic properties of several related chiral amines were investigated to select an appropriate internal standard for the analytical methodologies. To compensate for possible differences in the reactivity of the acylating agent with primary and secondary amines, differing detector responses toward the amide derivatives formed with each analyte, and the expected differences in biofluid concentrations of MDMA and MDA, we deemed it appropriate to select two internal standards. Following evaluation of several compounds, methoxyphenamine and amphetamine were selected as the internal standards for MDMA and MDA, respectively. The chromatographic elution order of the amide derivatives was determined by derivatization of the individual enantiomers, and the diastereoisomer of configuration R-amine-S-MTP eluted before that of Samine-S-MTP in each of the three cases in which the individual analyte enantiomers were available, i.e., MDMA, MDA, and amphetamine. As pointed out above, the amines were derivatized using (R)-MTP chloride as a HCDA, but as a result of the sequence rules, the configurational designation of the chiral center in the acyl MTP moiety changed from R-in the acyl chloride to S-in the amide derivatives. In the case of methoxyphenamine, the individual enantiomers were not available, and the elution order is unknown. It is, however, likely that the order corresponds to that of the other compounds. Chromatograms of derivatized authentic standards, extracts of blank plasma and urine samples, together with extracts of plasma and urine obtained from a volunteer at various times post MDMA (40 mg) administration are shown in Fig. 1 . Chromatograms obtained following isolation of the four analytes from "blank" supplemented plasma and a volunteer sample at or near the limit of quantification of MDA are presented in Fig. 2 . Under the conditions used for the analysis of both plasma and urine samples, the chromatograms were free from endogenous substances at the retention times of the analyte derivative peaks, the overall run times for the two methodologies being 20.3 and 30 min for the analysis of plasma and urine samples, respectively. Chromatographic separation and resolution (Rs) factors were calculated for each pair of analyte peaks, using both methodologies. The separation factors varied between 1.008 and 1.034 for the derivatives of methoxyphenamine and MDA, respectively; when the urine sample methodology was used, the corresponding Rs values were 1.23 and 4.80. Similarly, the lowest and highest separation factors when the plasma sample method was used were 1.005 and 1.014 for methoxyphenamine and MDA, respectively, with Rs values of 1.62 and 4.22. The extraction recoveries of the analytes were 82% and 68% for MDMA and MDA, respectively, in urine and 90% and 82% for the same compounds in plasma (all values being the means of data derived from the analysis of two sample concentrations in the appropriate biological fluid within the calibration range).
Calibration curves constructed for MDMA enantiomers over the ranges 0.10 -80 g/L in plasma and 0.05-6 mg/L in urine, and MDA enantiomers over the ranges 0.025-8 g/L in plasma and 0.02-0.6 mg/L in urine were linear, generally yielding correlation coefficients Ն0.997, with limits of quantification of 0.10 g/L and 0.05 mg/L for each MDMA enantiomer in plasma and urine, respectively, and 0.05 g/L and 0.02 mg/L for MDA in plasma and urine. The analytical procedures showed acceptable within-and between-day variability ( Table 1) .
The methodology was further validated by analysis of a series of prepared plasma and urine control samples containing enantiomeric mixtures of the two analytes at three total concentrations. This validation approach is necessary because samples of biological origin will contain non-racemic mixtures of analytes as a result of stereoselectivity in metabolism and disposition. Representative precision and accuracy values obtained for the analysis of MDMA in plasma are presented in Table 2 . Similar data were obtained for the analysis of MDMA in urine and MDA in both plasma and urine (data not shown). The measured enantiomeric compositions were in good agreement with the expected values at all three total concentrations examined. These data indicate that racemization of either the derivatizing agent or analytes had not occurred during the extraction and derivatization process, that stereoselectivity in derivatization had not occurred, and that increasing concentrations of the analytes do not appear to influence the enantiomeric compositions determined.
Several stereospecific methods have been reported for MDMA analysis (14 -16, 18 -22 ) , the majority of which use GC in combination with a chiral derivatizing agent (14, 15, 20 -22 ) . The majority of these assays use N-trifluoroacetyl-l-prolyl chloride (14, 20, 21 ) or the corresponding N-heptafluorobutyryl derivative (15, 22 ) , reagents Fig. 1 . GC (urine assay) and GC-MS (plasma assay) chromatograms of derivatized authentic standards following isolation from biological media, blank media to which the internal standards were added, and samples isolated post MDMA administration (detector response vs time in minutes).
Peaks: 1 and 2, (S)-MTP diastereomeric amides formed on reaction of (R)-MTP chloride with (R)-and (S)-amphetamine; 3 and 4, methoxyphenamine; 5 and 6, (R)-and (S)-MDA; 7 and 8, (R)-and (S)-MDMA. In the case of methoxyphenamine, the individual enantiomers were not available, and the elution order is unknown. Samples were collected at the times indicated on the chromatograms.
that have been noted in the literature for their lack of stereochemical purity, their instability, and unpredictable racemization (23) (24) (25) (26) (27) ; therefore, some considerable care is required for the effective use of these reagents. Lim et al. (22 ) noted previously the advantages of (R)-MTP acid over other reagents as HCDA for the derivatization of chiral amines. However, they also reported that when they used this reagent, they were unable to obtain quantitative derivatization of racemic MDMA and three of its metabolites. Although we cannot confirm that the derivatization procedure used in the present investigation yielded quantitative conversion because we did not synthesize the corresponding amides for comparison, the validation experiments performed indicated that acceptable accuracy and precision data and reliable enantiomeric compositions were reproducibly obtained. The reasons for the differences between the two studies are by no means clear, but may be associated with the use of the acid, which requires chemical activation, rather than the acyl chloride. The reagent (R)-MTP chloride, used in the present investigation, is available in high enantiomeric purity, is stereochemically stable (28 ) , and with the analytes used, yields acceptable chromatographic resolution values.
stereoselective disposition of mdma
The described methodology was used to examine the enantioselective disposition of MDMA and MDA following the oral administration of the racemic drug (40 mg) to eight healthy male volunteers. The mean MDMA and MDA plasma enantiomer concentration-time profiles are presented in Fig. 3 , and the pharmacokinetic parameters derived from an examination of the individual data are shown in Table 3 . Semilogarithmic plots of plasma MDMA concentration vs time for two typical volunteers are presented in Fig. 4 . Pharmacokinetic parameters were not calculated for one subject because of an insufficient number of data points in the elimination phase, the 24-h plasma concentrations of both MDMA enantiomers being below the minimum limit of quantification (Ͻ0.10 g/L) in this individual.
The maximum observed plasma concentrations (C max ) of both MDMA enantiomers were attained within 4 h post drug administration, the mean C max value for (R)-MDMA (33.7 Ϯ 14.9 g/L) being significantly greater than that of the S-enantiomer (21.2 Ϯ 10.8 g/L; P Ͻ0.001, paired t-test). The plasma concentrations of (R)-MDMA were significantly greater than those of the S-enantiomer in all volunteers at all time points (P Ͻ0.05, paired t-test), and the mean enantiomeric ratio (R:S) of the area under the plasma concentration-time curves (AUC 0-ϱ ) was 2.4 Ϯ 0.3 (n ϭ 7). The mean (n ϭ 7) elimination half-life (t 1/2 ) of (S)-MDMA (3.6 Ϯ 0.9 h) was significantly shorter than that of the R-enantiomer (5.8 Ϯ 2.2 h; P Ͻ0.01, paired t-test); the more rapid elimination of the S-enantiomer produced a gradual progressive enrichment in the plasma content of (R)-MDMA with time (Fig. 3) . The oral clearance of (S)-MDMA was significantly greater (P Ͻ0.01, paired t-test), 2.4-fold, than that of the R-enantiomer. The renal clearance of both enantiomers was similar at 10. In contrast to MDMA, the plasma concentrations of (S)-MDA exceeded those of the R-enantiomer in all volunteers up to 8 h post drug administration, the observed mean C max of (S)-MDA (3.0 Ϯ 1.1 g/L; n ϭ 8) being significantly greater than that of the R-enantiomer (1.0 Ϯ 0.3 g/L; P Ͻ0.01, paired t-test) and the AUC 0 -8 h of (S)-MDA being ϳ2.9 times that of the R-enantiomer.
The reduced AUC of (S)-compared with (R)-MDMA and the increased AUC of (S)-compared with (R)-MDA are indicative of the contribution of stereoselective Ndemethylation to the elimination of MDMA, as has been Table 2 . Accuracy and imprecision data for the determination of a series of enantiomeric compositions of MDMA at three different total concentrations in plasma (n ‫؍‬ 5). observed in animal studies (13, 29 ) . The time to the maximum (t max ) occurred between 4 and 8 h post MDMA administration (Fig. 3) . The analysis of the MDA data was more limited than that of MDMA because the later t max produced fewer data points during the metabolite elimination phase. The enantiomeric ratio (R:S) of MDA in plasma was found to decrease initially, reaching a minimum (0.02 Ϯ 0.03) at 2 h, which was followed by a slow but progressive increase to 1.29 Ϯ 0.15 at 24 h. The initial decrease presumably arises as a result of stereoselective demethylation of (S)-MDMA during first-pass metabolism, whereas the resulting increases are attributable to differences in the disposition of both MDMA and MDA. The analysis of urine samples collected over the 72 h post drug administration indicated that the majority of the excreted material was recovered in the first 24 h, with ϳ2% of the dose being recovered in the 24-to 72-h collection period (Table 4 ). The urinary recovery of (R)-MDMA was significantly greater than that of the Senantiomer, with mean values of 21.4% and 9.3% of the dose, respectively, being excreted in the first 24 h (P Ͻ0.01, paired t-test; n ϭ 8). Quantification of both MDMA enantiomers in the 24-to 48-h urine samples was possible for one subject: only the R-enantiomer could be detected in four subjects, and in only one case could (R)-MDMA be detected in a 48-to 72-h sample. Similarly, the majority of the recovered MDA was excreted within 24 h, the metabolite recovery being ϳ1% for both enantiomers. The mean urinary enantiomeric concentration ratio (R:S) for MDMA increased from 1.4 in the 0-to 2-h sample to 4.2 in the 12-to 24-h sample. In contrast, the mean urinary enantiomeric composition (R:S) of MDA were 0.48 -1.2 in the 2-to 4-h and 12-to 24-h samples, respectively.
This investigation has demonstrated that MDMA undergoes extensive enantioselective disposition in humans, the more pharmacologically active S-enantiomer having a shorter half-life, reduced AUC, increased clearance, and undergoing more extensive distribution compared with the R-enantiomer. These data are similar to those observed previously following drug administration to rats (13, 29 ) . If the differences in disposition are associated primarily with stereoselective first-pass metabolism, as has been suggested from animal studies (13 ) , then variations in the hepatic extraction ratio as a result of drug interactions (30 ) , genetic polymorphism in oxidation (31, 32 ) , or disease could produce altered enantiomeric compositions in plasma, which may have toxicological implications. For example, it has been proposed that the more extensive N-demethylation of (S)-MDMA to (S)-MDA may contribute to drug toxicity (13 ) . However, it is difficult, because of legal and ethical considerations, to Bars, ranges for enantiomeric composition (top) and SE for concentrations (bottom). Table 3 . Pharmacokinetic parameters of the individual enantiomers of MDMA after the administration of the racemic drug (40 mg) to healthy male volunteers. investigate the potential toxicity of the enantiomers of metabolites of MDMA in humans.
An alternative route of metabolism of MDMA in humans involves demethylenation, leading to the formation of HMMA (16, 17 ) , and the published data appear to support HMMA being a major metabolite. To date, only the investigation by Lanz et al. (16 ) has addressed the stereochemistry of this metabolite in urine. Because stereochemically defined standards were unavailable (16 ) , interpretation of the data was limited; however, the enantiomeric urinary recovery was reversed in the two patients examined. We currently are investigating an alternative extraction process, together with dual derivatization approaches, for the analysis and determination of the enantiomeric composition of HMMA in urine. The results of these investigations will be reported in due course.
evidential value of enantiomeric disposition data
The determination of the enantiomeric composition of an illicit drug, used as a racemate, in a biological fluid increases the "information content" of a sample and may provide evidence that an illicit material, as opposed to a prescription product, has been administered (33 ) . Determination of the stereochemical composition of the material may also provide useful pharmacokinetic information. It is frequently the case in the analysis of samples of forensic interest that the analytical toxicologist is required to draw conclusions on the basis of a minimal number of samples, frequently a single sample, with respect to the time, dose, and route of administration (34 ) . Estimation of the time elapsed between drug ingestion and sampling time is an important problem in forensic toxicology. Several approaches have been adopted in an attempt to solve this problem, including examination of drug-tometabolite or metabolite-to-metabolite tissue/biological fluid concentration ratios with time (34 ) . When pharmaceutical preparations subject to abuse contain two or more active agents, a knowledge of the pharmacokinetic properties of the individual agents, together with the fact that the agents were administered simultaneously, facilitates the estimation of ingestion time [Fish and Tilstone, 1979, cited in Ref. (34 ) ] (35 ) . However, this approach is limited by the number of commercially available combination products that are also the subject of abuse. This is not the case with substances that are administered as racemates because in such cases, two agents that frequently differ in terms of their pharmacokinetic properties are administered simultaneously at the same dose. A knowledge of the stereochemical composition of a drug, administered as a racemate, in biological media has the potential to aid in estimations of postdosing time. To the best of our knowledge, this hypothesis had not been tested previously, and therefore, we examined various mathematical models Clinical Chemistry 45, No. 7, 1999 utilizing the data obtained in the present study with MDMA. A model could be developed on a purely theoretical basis, using the known calculated drug pharmacokinetic parameters. The problem with this approach is that a nonlinear model would result, and we have insufficient data to estimate the variables of such a model satisfactorily. We therefore adopted a more pragmatic approach and examined a variety of linear models, with time as the response, using either total or individual enantiomer drug plasma concentrations. These models were tested using multiple regression analysis. In the sequel, t is the time in hours post drug ingestion, and (R)-, (S)-, and (R,S)-MDMA are the concentrations of the individual enantiomers and total MDMA in plasma, respectively. Throughout the analysis, the data obtained at t ϭ 0.5 h were excluded because in each case their inclusion produced a worse fit, presumably associated with either erratic or variable drug absorption within the group. Initial models used either total or individual enantiomer MDMA plasma concentrations as the predictors. The model developed using total MDMA plasma concentrations, i.e., (R,S)-[MDMA], was significant [F ϭ 7.8 (df ϭ 1,43), P ϭ 0.0077], but the squared multiple correlation coefficient (r 2 ) was only 0.134. Revision of the model using the individual enantiomer concentrations produced a somewhat improved fit [F ϭ 7.7 (df ϭ 2,42), P ϭ 0.0015], but, nonetheless, the r 2 value for this was only 0.267. Because these models were unsatisfactory, the next approach involved the single predictor that combined both enantiomers, namely the ratio (R:S) of the MDMA plasma concentrations. The model produced was highly significant [F ϭ 168 (df ϭ 1,43), P Ͻ0.00005] and yielded a much improved r 2 value of 0.796. Logarithmic transformation of total MDMA plasma concentrations also produced a significant model [F ϭ 24.7 (df ϭ 1,43), P Ͻ0.00005], but with a reduction in r 2 to 0.351. However, because of stereochemical differences in disposition, there is no a priori reason to believe that the best predictor is the simple ratio rather than a ratio of differing powers of the enantiomeric concentrations. Because: ln͕͑R͒-͓MDMA͔ a /͑S͒-͓MDMA͔ b ͖ ϭ a ln͑R͒-͓MDMA͔ Ϫ b ln͑S͒-͓MDMA͔ a model was fitted using the natural logarithms of the enantiomer concentrations as the predictors. Again the model was highly significant [F ϭ 220 (df ϭ 2,42), P Ͻ0.00005] and gave a further improved r 2 value of 0.913. Thus, the final model fitted was: t ϭ 13.17 ln͑R͒-͓MDMA͔ Ϫ 12.78 ln͑S͒-͓MDMA͔ Ϫ 5.12
As well as being highly significant overall (P Ͻ0.00005), each coefficient was also significant to the model (P Ͻ0.01), i.e., both enantiomer concentrations were required. The residuals of the model were examined to check the assumptions of regression analysis, which were reasonably satisfied. Predicted times were in good agreement with actual sampling times (Fig. 5) . Inevitably, there is substantial overlap between the predicted times at adjacent actual time points. This simply reflects the fact that the errors of prediction are greater than the time intervals used in the study. The lack of overlap between prediction ranges at 6-h interval separations suggests that the model is accurate enough to predict within a 6-h range. Future experiments involving more subjects and more frequent sampling may allow refinement of the model and sharper predictions.
Notwithstanding the above limitations, the correlation equations involving enantiomeric composition as a variable were in each case better than those in which concentration alone was used, irrespective of the log transformation. Further analyses would have included enantiomeric concentrations of plasma MDA and other metabolites, but the fit now seemed good enough. Because the model only applied for 1-24 h (the data were not primarily collected for this analysis) it would be interesting in future studies to examine the influence of multiple dosing and the problems associated with variable dose intervals.
In conclusion, analytical methodology suitable for the determination of the enantiomeric composition of both MDMA and MDA in plasma and urine has been developed and applied to an investigation of the disposition of MDMA in humans. To our knowledge, this is the first report to demonstrate the stereoselective disposition of MDMA in healthy volunteers and to show the more extensive distribution and rapid clearance of the more pharmacologically active S-enantiomer in humans.
